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Abstract 

The outputs or products of an economy can be divided into services products and goods products 
(due to manufacturing, construction, agriculture and mining). To date, the services and goods products 
have, for the most part, been separately mass produced. However, in contrast to the first and second 
industrial revolutions which respectively focused on the development and the mass production of 
goods, the next — or third — industrial revolution is focused on the integration of services and/or goods; 
it is beginning in this second decade of the 21st Century. The Third Industrial Revolution (TIR) is 
based on the confluence of three major technological enablers (i.e., big data analytics, adaptive 
services and digital manufacturing); they underpin the integration or mass customization of services 
and/or goods. As detailed in an earlier paper, we regard mass customization as the simultaneous and 
real-time management of supply and demand chains, based on a taxonomy that can be defined in terms 
of its underpinning component and management foci. The benefits of real-time mass customization 
cannot be over-stated as goods and services become indistinguishable and are co-produced — as 
“servgoods” — in real-time, resulting in an overwhelming economic advantage to the industrialized 
countries where the consuming customers are at the same time the co-producing producers. 
Keywords: Big data, decision analytics, goods, adaptive services, digital manufacturing, value chain, 


supply chain, demand chain, mass production, mass customization, industrial revolution 


1. Introduction be considered to be the integration of services 


Before discussing the next — third — 
industrial revolution and the technologies that 
underpin it, it is helpful to review the 
evolutionary stages that a nation’s economy 
typically go through, followed by the industries 
that respectively constitute the services and 
goods sectors of a nation’s economy, as well as 
the major differences between services and 


goods. The Third Industrial Revolution can then 


and/or goods or the mass customization of goods 
(especially manufactured goods) through 
services (especially given the co-production 


nature of services). 


1.1 Economic Evolution 

In general and as indicated in Table 1, there 
are three critical stages in a nation’s economic 
evolution (Tien & Berg 2003). The first — 
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mechanical — stage focuses on agriculture and 
mining (1.e., living off of the land, air and sea); it 
seeks to enhance farming productivity, employs 
mechanical tools that have product life cycles on 
the order of decades, depends mostly on muscle 
power, embraces a living standard concerned 
with subsistence, and is limited in its scope of 
economic influence — primarily impacting the 
family or the immediate locale. The second — 
electrical — stage focuses on manufacturing and 
construction (i.e., producing products and 
creating structures); it seeks to enhance factory 
productivity, employs electromechanical 
machines that have product life cycles on the 
order of years, depends on both muscle and 
brain power, embraces a living standard 
concerned with the quality of goods, and is 
broader in its scope of economic influence — 
impacting the region or the nation. The third — 
information — stage focuses on services (i.e., 
creating and delivering added value that is 
essentially intangible); it seeks to enhance 
information (i.e., processed data from a decision 
making perspective) productivity, employs 
computer and communication technologies that 
have service life cycles on the order of months, 


depends mostly on brain power, embraces a 
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living standard concerned with the quality of life, 
and is global in its scope of economic influence. 
In contrast to the first two stages, which 
emphasize the production of goods (from 
agriculture, mining, manufacturing and 
construction), the words “experience economy” 
(e.g., tourism, Starbuck coffees, space station 
visits, etc.) have been employed to highlight the 
quality of life emphasis of services in this third 
stage in a nation’s economic evolution. 

Thus, every nation has gone or will go 
through these three stages of economic evolution: 
today, the underdeveloped nations are still at the 
mechanical stage; most of the developed nations 
while the 


economically advanced nations are, as noted 


are at the electrical stage; 
above, at the services stage. Interestingly and as 
identified in Table 1, the U.S. has seen the onset 
of each new stage every 100 years or so: in the 
late 1700s for the mechanical stage (when, from 
a customization perspective, both goods and 
services were minimal and very much 
customized), in the late 1800s for the electrical 
stage (when the few goods and services were, 
respectively, standardized and mass produced), 
and in the late 1900s for the information stage 


(when both goods and services were partially 


Table 1 A Nation’s economic evolution 


Stages in a Nation’s Economic Evolution 


Characteristics 


Economic Focus 
Productivity Focus 
Technology Focus 
Product Life-Cycle 
Human Power 
Living Standard 
Impact Scope 
Onset in US 


Mechanical 
Agriculture; Mining 
Farming 
Mechanical Tools 
Decades 

Muscle 

Subsistence 
Family; Local 

Late 1700s 


Electrical Information 
Manufacturing; Construction Services 
Factory Information 


Electromechanical Machines 
Years 

Muscle; Brain 

Quality of Goods 

Regional; National 

Late 1800s 


Computers; Communications 
Months 

Brain 

Quality of Life 

Global 

Late 1900s 
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customized). On the other hand, other countries 
— like China and India — have been slower in 
moving from the mechanical to the electrical 
stage; yet these same countries have since been 
faster in moving to the information stage, 
perhaps because of the accelerated pace of 
change in computer and communication 
technologies, which in turn underpin the 
World-Wide Web or 


e(lectronic)-commerce is flourishing. 


Internet where 
As also identified in Table 1, services and 
manufacturing constitute two of the five sectors 


of any country’s economy; depending on the 
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maturity of the economy, they are — in terms of 
employment — typically the two largest sectors. 
Indeed, Table 2 indicates that as of 2008, 83.6% 
of all U.S. employment is in services, while 
9.3% is in manufacturing. Moreover, Table 2 
suggests another way to look at the outputs or 
products of an economy; it can be divided into 
services products and goods products (due to 
manufacturing, construction, agriculture and 
mining). To date, the services and goods 
products have, for the most part, been somewhat 
separately mass produced; it is the premise of 
this paper that recent technological advances can 


Table 2 Scope and size of U.S. employment 


Industries 

Utilities 

Wholesale Trade 

Retail Trade 

Transportation/ Warehousing 

Information 

Financial Activities 

Professional/Business Services 

Educational Services 

Health Care/Social Assistance 

Leisure/Hospitality 

Other Services 

Federal Government 

State/Local Government 
Service Sector 

Mining 

Construction 

Manufacturing 

Agriculture (Forestry, Fishing) 


Goods Sector 


Total 


Source: U. S. Bureau of Labor Statistics, 2008 


Employment (M) Percent of Total (%) 

1 0.7 

6 4.3 
15 10.7 
5 3.6 

3 2.1 

8 5.7 
18 12.9 
3 2.1 
16 11.4 
13 9.3 
6 4.3 

3 2.1 
20 14.3 
117 83.6 
1 0.7 

7 5.0 
13 9.3 
2 1.4 
23 16.4 
140 100.0 
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better enable the transformation from mass 
production to mass customization, whereby the 
services 


and goods are becoming more 


integrated in their production. 


1.2 Services and Goods 
The interdependences, similarities and 
complementarities of services and goods — 
especially in regard to manufactured goods — are 
significant. Indeed, many of the manufacturing 
innovations are relevant to the services 
industries. Concepts and processes such as cycle 
time, total quality management, quality circles, 
six-sigma, design for assembly, design for 
manufacturability, design for recycling, 
small-batch production, concurrent engineering, 
just-in-time manufacturing, rapid prototyping, 
flexible manufacturing, agile manufacturing, 
distributed manufacturing, and environmentally 
sound manufacturing can, for the most part, be 
recast in services-related terms. Thus, many of 
the engineering and management concepts and 
processes employed in manufacturing can 
likewise be used to deal with problems and 
issues arising in the services sector. 
Nevertheless, 


differences between services and goods. Tien & 


there are considerable 
Berg (1995, 2003) provide a comparison 
between the services and goods sectors. The 
services sector requires information as input, is 
virtual in nature, involves the customer at the 
production and delivery stages, and employs 
mostly qualitative measures to assess_ its 
performance. On the other hand, the goods 
sector requires material as input, is physical in 
nature, involves the customer at the design stage, 
and employs mostly quantitative measures to 


assess its performance. Of course, even when 
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there are similarities, it is critical that the 
co-producing nature of services be carefully 
taken into consideration. For example, in 
manufacturing, physical parameters and 
statistics of production and quality can be more 
precisely delineated; in contrast, since a services 
operation depends on an interaction between the 
process of producing the service and the 
recipient, the characterization is necessarily 
more subjective and different. Consequently, 
since services are to a large extent subject to 
customer satisfaction and since, as Tien & Cahn 
(1981) postulated and validated, “satisfaction is 
a function of expectation,” service performance 
or customer satisfaction can be enhanced 
through — the 


expectation. A more insightful approach to 


effective “management” of 
understanding and advancing services research 
is to explicitly consider the differences between 
services and goods, especially manufactured 
goods. As identified in Table 3, services are, by 
definition, co-produced; quite variable or 
heterogeneous in their production and delivery; 
physically intangible; perishable if not 
consumed as it is being produced or by a certain 
time (e.g., before a flight’s departure); focused 
on being personalizable; expectation-related in 
terms of customer satisfaction; and reusable in 
its entirety. On the other hand, manufactured 
goods are pre-produced; quite identical or 
standardized in their production and _ use; 
physically if not 


tangible; “inventoryable” 


consumed; focused on _ being _ reliable; 
utility-related in terms of customer satisfaction; 
and recyclable in regard to its parts. In 
mnemonic terms and referring to Table 3, 
services can be considered to be “chipper”, 


while manufactured goods are a “pitirur”. 
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Table 3 Services versus manufactured goods 


FOCUS SERVICES GOODS 
Production Co-Produced Pre-Produced 
Variability Heterogeneous Identical 
Physicality Intangible Tangible 
Product Perishable “Tnventoryable” 
Objective Personalizable Reliable 
Satisfaction Expectation-Related Utility-Related 
Life Cycle Reusable Recyclable 
OVERALL CHIPPER PITIRUR 


Another critical difference between services 
and goods concerns their intellectual property 
(Tien & Berg 2006). More specifically and in 
contrast to, say, a manufactured good, services 
are based on intellectual property that is rarely 
protected by any patents belonging to the 
services provider. Usually the services provider 
uses physical technologies or products that 
belong to outside suppliers who protect their 
intellectual property by patents. However, the 
use of the intellectual property, either by product 
available 


purchase or by license, is 


non-exclusively to all competing services 
providers. Examples abound: the airline industry 
uses jet airplanes, which technology is protected 
by patents owned by the aircraft manufacturers 
and other suppliers; Wal-Mart, as part of its 
vaunted supply chain leadership, relies on 
point-of-sales cash registers developed and sold 
by IBM, which holds the intellectual property 
for those devices; and Citibank, the leader in 
employing the automated teller machine (ATM) 
innovation, does not hold the ATM-related 
patents — Diebold does. 

Although the comparison between services 
highlights 


methodological differences, it is interesting to 


and goods some — obvious 


note that the physical manufactured goods 


depreciate with use and time, while the virtual 
services assets are generally reusable, and may 
in fact increase in value with repeated use and 
over time. The latter assets are predominantly 
processes and associated human resources that 
build on the — skill 
accumulated by repeated interactions with the 
in the 


co-production of the service. Thus, for example, 


and knowledge base 


services receiver, who is involved 
a lecturer should get better over time, especially 
if the same lecture is repeated. 

software 


In services, automation-driven 


algorithms have transformed human 
resource-laden, co-producing services systems 
to software algorithm-laden, self-producing 
services. Thus, extensive manpower would be 
required to manually co-produce the services if 
Although 


automation has certainly improved productivity 


automation were not available. 
and decreased costs in some services (e.g., 
telecommunications, internet commerce, etc.), it 
has not yet had a similar impact on other 
(e.g., 
education, etc.). However, with new multimedia 


labor-intensive services health care, 
and broadband technologies, some hospitals are 
their 


including the sharing of electronic records with 


personalizing treatment of patients, 


their patients, and some institutions are offering 
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entire degree programs online with just-in-time 


learning capabilities (Tien 2000). 


1.3 Industrial Revolutions 
The above 


appropriate framework for considering the first 


discussion provides an 
two industrial revolutions and, as of 2010, the 
beginning of the Third Industrial Revolution 
(TIR). As detailed in Table 4, the first two 
industrial revolutions focused on _ goods 
(especially manufactured goods), while the third 
is focused on services and goods (especially the 
integration of services and/or goods). It is not 
surprising that the three industrial revolutions 
correspond in many ways or characteristics to 
the three evolutionary stages of a nation’s 
economy; indeed, Table 4 is quite similar to 
Table 1. The First Industrial Revolution (FIR) 
focused on textiles and iron making; it sought to 
enhance productivity in production, employed 
mechanical tools that had life cycles on the order 
of decades, depended mostly on muscle power, 
embraced a living standard concerned with 
subsistence, and had its initial impact in Britain 
in 1750. The Second Industrial Revolution (SIR) 
focused on assembly lines (especially as 
conceived by Henry Ford) and steel making; it 
sought to enhance productivity in mass 
production, employed electromechanical tools 
that had life cycles on the order of years, 
depended mostly on both muscle and brain 
power, embraced a living standard concerned 
with quality of goods, and had its initial impact 
in the U.S. and Germany in 1860. The Third 
Industrial Revolution (TIR) is focused on 
adaptive services and digital manufacturing; it 
enhance in mass 


seeks to productivity 


customization (especially in regard to the 
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integration of services and manufactured goods), 
employs computer and communication 
technologies that have life cycles on the order of 
months, depends mostly on brain power, 
embraces a living standard concerned with the 
quality of life, and had its initial impact in the 
U.S. in 2010. 

In contrast to the first two industrial 
revolutions, which emphasized the production of 
goods (from agriculture, mining, manufacturing 
and construction), the third industrial revolution 
builds on the extensive development of services 
and integrates it with the production of 
customized goods. Thus, every nation has gone 
or will go through these three industrial 
revolutions, consistent with their transition 
through the three stages of economic evolution: 
today, the underdeveloped nations are still at the 
mechanical stage or experiencing FIR; most of 
the developed nations are at the electrical stage 
or experiencing SIR; while the economically 
advanced nations are, as noted above, well into 
the services stage and beginning to experience 
TIR. 

It should be noted that the term TIR was first 
coined by the economist, Rifkin (2011); he 
considers TIR to be the integration of Internet 
technology with renewable energy. Thus, TIR is 
to be the economic basis for hundreds of 
millions of people to produce their own green 
energy in their homes, offices, and factories, and 
to share it with each other in an intelligent 
“energy internet”, just like people now create 
and share information online — he also calls this 
“lateral [or side-by-side] power”. The TIR being 
advanced herein is similar but more 
technologically-oriented in its development. As 
detailed in Table 4, the key technological 
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enablers for the Third Industrial Revolution are 
“adaptive services” and “digital manufacturing”. 
However, as indicated in Figure 1, there are 
“big data 
analytics” which serves to underpin both 


actually four related enablers: 
“adaptive services” and “digital manufacturing”, 
which in turn constitute the basis for “mass 
customization” or the integration of services 
and/or goods — which is defined in this paper as 
TIR. Consequently, our TIR is consistent with 
Rifkin’s wherein TIR is_ the 


integration of Internet technology (an adaptive 


definition, 


service) with renewable energy (a digitally 
manufactured good). 

The remainder of this paper is in five 
Big Data 
Analytics, Section 3 defines Adaptive Services, 


sections: Section 2 discusses 


Section 4 considers Digital Manufacturing, 
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Section 5 details Mass Customization, and 
Section 6 contains Concluding Remarks. Finally, 
it should be noted that inasmuch as adaptive 
services and mass customization are also critical 
focal points of this paper, several references are 
respectively made herein to Tien’s earlier papers 
(2008, 2011) on the same topics. 


2. Big Data Analytics 

While the focus of this section is on the 
analytical or processing aspects of big data, it is 
helpful to first define data (as well as the sources 
of data), then identify the scope of big data, 
followed by a consideration of big data analytics. 
It should be emphasized that data — especially 
big data — is worthless from a decision making 
perspective unless it is analyzed or processed to 
yield critical information which can then support 


Table 4 On industrial revolutions 


Industrial Revolution (IR) 


Characteristics 
First (FIR) Second (SIR) Third (TIR) 
Economic Focus Goods Goods Services/Goods 
Productivity Focus Production Mass Production Mass Customization 
Techslogy Focis Textiles; Assembly Lines; Adaptive Services 
Iron Making Bessemer Steel Digital Manufacturing 
Product Life-Cycle Decades Years Months 
Human Power Muscle Muscle; Brain Brain 
Living Standard Subsistence Quality of Goods Quality of Life 
Initial Impact Britain U.S.; Germany US. 
Onset in World 1750 1860 2010 


BIG DATA ANALYTICS 


ADAPTIVE SERVICES | _ | DIGITAL MANUFACTURING 


MASS CUSTOMIZATION: INTEGRATED SERVICES & GOODS 


Figure 1 Third industrial revolution enablers 
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informed decisions. In fact, Tien (2003) 
forewarned about the data rich, information poor 
(DRIP) problems that have been pervasive since 
the advent of large-scale data collections or data 
warehouses; the DRIP conundrum should be 


mitigated as big data analytics become a reality. 


2.1 Data 

Data, according to the current version of 
Wikipedia, “are values of qualitative or 
quantitative variables, belonging to a set of 
items”. Data are typically the results of 
measurements and are considered to be raw data 
before they are processed; in fact, the processed 
data from one stage may be considered the raw 
data of the next stage. Metadata, sometimes 
referred to as “data about data”, describes the 
content and context of a set or file of data; for 
example, a photo file’s metadata would identify 
the photographer, the camera settings, the date, 
etc. For the purpose of this paper, our definition 
of data would include measurements, raw values, 
processed values, and metavalues. 

More specifically, the focus of this paper is 
on digital data, which basic unit of measurement 
is a bit, short for a binary digit that can be stored 
in a device having two possible distinct values 


or levels (say, 0 and 1). A byte is a basic unit of 
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information containing 8 bits, which together 
can include 2 raised to the power of 8 values 
(say, 0 to 255). Table 5 details the range of 
digital data sizes, from kilobytes, to Megabytes, 
to Gigabytes, to Terabytes, to Petabytes, to 
Exabytes, to Zettabytes, to Yottabytes. Digital 
data can be obtained from a number of 
quantitative and qualitative data sources, 
including, as indicated in Table 6, customer 
order transactions, emails and their attachments, 
radio frequency identification (RFID) sensors, 
smart phones, video recordings, audio 
recordings, and genetic sequences. Clearly, all 
this assortment of data can add up and grow 
very quickly in size; according to Figure 2, the 
International Data Corporation estimates that, on 
a world-wide basis, the total amount of digital 
data created and replicated each year will grow 
exponentially from 1 Zettabyte in 2010 to 35 


Zettabytes in 2020! 


2.2 Big Data 

Big data, according to the current version of 
Wikipedia, “is a term applied to data sets whose 
size is beyond the ability of commonly used 
software tools to capture, manage, and process 
the data within a tolerable elapsed time”. 


Obviously, the definition of big data is shifting 


Table 5 Digital data sizes 


VALUE ABBREVIATION 
1000**1 KB 
1000**2 MB 
1000**3 GB 
1000**4 TB 
1000**5 PB 
1000**6 EB 
1000**7 ZB 
1000**8 YB 


APPELATION 


Kilobytes 
Megabytes 
Gigabytes 
Terabytes 
Petabytes 
Exabytes 
Zettabytes 
Yottabytes 
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Table 6 Sources of digital data 


SOURCES METRICS 
Transactions Customer Orders 
Emails 10-25 MB Attachment 
Sensors Radio Frequency ID 


Smart Phones 
Videos 

Audios 

Genetic Sequences 


3G, 4G, GPS, Etc. 


Aspect Ratios: 4:3, 16:9 
200 Hours = 640MB 
3.2B DNA Base Pairs in Human 


COMPANIES 


Walmart 
Google/Gmail 
FedEx 
Apple/iPhone 
Microsoft/Bing 
Libri Vox 

Life Technologies 


World Wide Digital Data Created and Replicated Each Year 


wow wo bf 
own Oo 
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2010 2012 2014 


Source: International Data Corporation 


2016 2018 2020 


Figure 2 Growth in digital data 


as software tools become more powerful; today, 
depending on the nature and mix of the data, a 
data set is considered big if it contains a few 
terabytes to many petabytes of data. 

In general, and as identified in Table 7, there 
are six steps in dealing with data, especially big 
data: 1. Capture, 2. Index/Store, 3. Share/ 
Collaborate, 4. Process, 5. Publish, and 6. 
Archive. In regard to data capture, there are, of 
course, a range of approaches, depending on the 
source of the data, which can range from 
customer transactions to genetic sequences, as 
per Table 6. Some approaches are becoming 
quite sophisticated. For example, in light-field 
photography Lytro has developed a multi-lensed 


camera that can capture all incoming light 
(including color, intensity, angle, etc.) so that 
images can be determined and brought into 
focus after the fact. Each photo file is then not 
an image but a database that records a 
3-dimensional (3D) pattern of light which can be 
mined by software to produce a range of images 
with different visual effects. Another camera is 
being developed at MIT’s Media Lab that can 
produce a 3D picture of an entire room even if 
features in the room are not in the line-of-sight; 
this is accomplished by shooting photons from a 
femtosecond laser at different angles and then 
measuring the returning photons every few 
trillionths of a second. Software algorithms are 
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Table 7 Steps in dealing with big data 


STEPS TECHNOLOGIES COMPANIES 
1. Capture Light-Field Photography Lytro 
2. Index/Store Digital Management Adobe 
3. Share/Collaborate Social Network Facebook 
4. Process Evolutionary Algorithms IBM/Hadoop 
5. Publish Print-on-Demand Amazon 
6. Archive Cloud Servers Internet Archive 


then employed to generate a 3D image of what 
may be around the comer, which can obviously 
help firefighters entering a building or a driver 
negotiating blind turns. 

In regard to the indexing and storing of big 
data, Adobe’s 
integrated data warehousing approach. As 
Furtado (2009) details, there are a number of 
reasons for selecting a parallel or a distributed 


digital management is an 


warehouse, depending on data size, query 
processing speed and organizational structure. 
An increasing number of the data warehouses 
are being located in the cloud (Schadt et al. 
2010), where there is the potential of accessing 
an unlimited amount of processing and storage 
power that can be reconfigured on an 
on-demand basis and which cost can be charged 
on a pay-as-you-use basis, much like the use of 
electricity. 

In regard to sharing and collaborating, it is 
obvious that even the successful social networks 
— including Facebook, MySpace, Twitter, Ning, 
LinkeIn and Zanga — are still developing an 
effective and viable business model based on 
attracting advertising dollars through targeted 
ads. Nevertheless, as their subscribers and big 
data problems multiply, they are increasingly 
migrating to the cloud. Cloud computing is 
further discussed in Section 4. 


In regard to processing, it should be noted 
that big data processing has been referred to by 
other names, including Business Intelligence 
(Luhn 1958), Decision Informatics (Tien 2003) 
and Business Analytics (Davenport & Harris 
2007). While a more detailed review of this 
topic is contained in the next subsection on Data 
Analytics, two critical points should be made at 
this time. First, data — especially big data — are 
processed either for scientific insights (e.g., laws 
of nature, genomics or human behavior) or for 
support (e.g., 
pricing strategies, marketing trends or disease 


engineering/decision making 


prevention). Second, no matter what the purpose 
is for the processing or analysis of the data, it is 
critical that the data contain the insights or 
answers being sought; otherwise, we have a case 
of garbage-in, garbage-out. As a consequence, 
metadata play an important role in ascertaining 
the scope, validity and viability of the data. 

In regard to publishing, Amazon.com stands 
out as the publisher with the most ambitious 
goal of digitizing all published material and then 
making it available on an on-demand basis. 
On-demand or customized printing allows text, 
graphics and images to be assembled per the 
customer’s need; thus, a professor can assemble 
a customized textbook for her class or a 


marketer can assemble a set of personalized or 
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customized letters, each with the same basic 
layout but printed with a different salutation, 
name and address. It should be noted that such a 
digital publishing or printing approach is an 
Adaptive Service (the topic of Section 3) that 
employs a Digital Manufacturing (the topic of 
Section 4) Mass 


Customization (the topic of Section 5) or an 


technology, leading to 
on-demand production venue. Finally, it should 
be noted that digital publishing need not only be 
on paper; visual publications range from HP 
Photon Engine’s integrated display to data 
visualization caves. 

In regard to archiving, it should be noted that 
large data sets are becoming more the norm as 
scientists try to gain insights into global 
warming, meteorology, neurology, genomics and 
nanotechnology, and as engineers and decision 
makers seek answers to the development of new 
drugs, novel materials, more efficient supply 
chains and more effective sensors. As noted 
earlier, the big data files are increasingly being 
archived in the cloud. For example, the 1996 
established 501(c)(3) 
non-profit, resides in the cloud; it is building a 


Internet Archive, a 
digital library of Internet sites and other cultural 
artifacts in digital form, and it is providing free 
access to researchers, historians, scholars, and 
the general public. 

In conclusion, it is helpful to briefly consider 
the benefits of and concerns with big data. In 
regard to the benefits, big data allows for a) 
better integration or fusion and subsequent 
analysis of quantitative and qualitative data; b) 
better observation of rare but great impact 
events or “black swans” (Taleb 2010); c) greater 
system and system of systems efficiency and 


effectiveness; d) better evidence-based, decision 
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making that can overcome the prejudices of the 
unconscious mind (Mlodinow 2011). In regard 
to concerns, big data contributes to a) a data rich, 
(DRIP) 

privacy and 


information poor conundrum; _b) 


cybersecurity, confidentiality 


problems; cc) surveillance by autocratic 
governments; and d) processing data in an 
increasingly unfocused, unproductive and 
generally “shallow manner” (Carr 2010). Of 
course, the potential big data concerns or 
problems can be mitigated with thoughtful and 
effective approaches and practices. For example, 
legislation could be promulgated and passed to 
forbid the invasion of privacy and to dispense 
severe sanctions against those who break the 


law. 


2.3 Data Analytics 

The overarching purpose of data analysis is 
to obtain or derive information from data, 
knowledge from information, and insights or 
wisdom from knowledge. This sequence of 
derivations is illustrated in Figure 3, which is 
further 


decision-oriented perspective. 


in Section 3 from a 
Although — the 


literature does not distinguish between data and 


discussed 


information, we attempt to do so in this paper, to 
the extent practical. In fact, if we were to strictly 
adhere to such a distinction, we would conclude 
that given the current state of information 
technology, it should be referred to as “data 
technology”; however, this would lead to an 
unnecessary level of confusion. 

When applying data analysis to big data, we 
must employ the computer — which results in the 
term data analytics, which in turn and according 
to the current version of Wikipedia, “is the 


application of computer technology, operational 
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Figure 3 Decision making framework 


research, and statistics to solve problems in 
business and industry”. Analytics is carried out 
within an information system: while, in the past, 
statistics and mathematics could be studied 
without computers and software, analytics is 
about the application of computers to the 
analysis of data, which must, of course, take 
place within an information system or software 
environment. Of course, mathematics underpins 
the methods and algorithms employed in 
analytics and the science of analytics is 
concerned with extracting useful properties of 
big data using computable functions. It should 
be explicitly noted that although the underlying 
mathematics may still be valid for big data, the 
software application may come undone if the 
dataset is too large (Jacobs 2009). Indeed, there 
are other scalability issues in connection with 
big data (Allen et al. 2012). 

As alluded to 
approaches to data analytics: the scientific and 


earlier, there are two 
the engineering/decision support approaches. 
The scientific focus is on investigating natural 
phenomena, 


acquiring new _ knowledge, 


correcting and integrating previous knowledge, 
or understanding the laws of nature; it includes 
observations, measurements, and experiments, 
and the formulation, testing, and modification of 
hypotheses. On the other hand, the engineering 
approach — which is the focus herein and which 
Tien (2003) calls decision informatics — is very 
purposeful; that is, as per Figure 4, the nature of 
the required real-time decision (regarding the 
production and/or delivery of, say, a service or a 
manufactured good) determines, where 
appropriate and from a systems engineering 
perspective, the data to be collected (possibly, 
from multiple, non-homogeneous sources) and 
the real-time fusion/analysis to be undertaken to 
obtain the needed information for input to the 
modeling effort which, in turn, provides the 
knowledge to support the required decision in a 
timely manner. The feedback loops in Figure 4 
are within the context of systems engineering; 
they serve to refine the analysis and modeling 
steps. 

Thus, decision informatics is supported by 


two sets of technologies (i.e., information and 
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decision technologies) and underpinned by three 
data 


modeling and systems engineering. Data fusion 


disciplines: fusion/analysis, decision 


and analysis methods include the mining, 


visualization and management of data, 
information and knowledge (i.e., probability, 
Statistics, quality, reliability, fuzzy logic, 
multivariable testing, pattern analysis, etc.). On 
the other hand, real-time data fusion and 
analysis is more complex and requires additional 
research. Decision modeling methods include 
discrete simulation, finite element analysis, 
stochastic methods, neural networks, genetic 
algorithms, optimization, etc. Further, real-time 
decision modeling is not just concerned with 
speeding up the models and solution algorithms; 
it, like real-time data fusion and analysis, also 
requires additional research, especially since 
most steady state models become irrelevant in a 
real-time environment. Systems engineering is 


about integrating products, processes and 


operations from a holistic perspective, especially 


human-centered systems that are 
computationally-intensive and __ intelligence- 
oriented. A _ critical aspect of systems 


engineering is system performance; it provides 


an essential framework for assessing the 


decisions made — in terms of such issues as 


satisfaction, convenience, privacy, security, 
equity, quality, productivity, safety and reliability. 
Similarly, undertaking systems engineering 
within a real-time environment will require 
additional thought and research. Additional 
discussion about decision informatics — 
especially its relevance to adaptive services — is 
contained in Section 3. 

With the advent of big data analytics, a 
number of niche analytics have been developed, 
including in retail sales, financial services, risk 
and credit, marketing, buying behavior, loan 
collections, fraud, pricing, telecommunications, 
supply chain, demand chain and transportation. 
To process big data within tolerable elapsed 
times, Manyika et al. (2011) suggest several 
appropriate technologies, including association 
tule learning, classification, cluster analysis, 
crowdsourcing, data fusion and integration, 
ensemble learning, genetic algorithms, machine 
learning, natural language processing, neural 
networks, pattern recognition, predictive 
modeling, regression, sentiment analysis, signal 
processing, supervised and unsupervised 
learning, simulation, time series analysis and 


visualization. Additional technologies being 
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applied to big data include massively 
parallel-processing databases, search-based 


applications, data-mining grids, distributed file 
systems, distributed databases, cloud computing 
platforms, the Internet, and scalable storage 
systems. Real or near-real-time information 
delivery is one of the defining characteristics of 


big data analytics. Delays are therefore avoided 


whenever and wherever possible; new 
algorithms -— such as the sparse Fourier 
transform (SFT) — are allowing for more 


real-time analysis and decision support. 

It should be noted that in 2012 big data 
analytics is receiving a lot of attention from 
technology companies, academic institutions 
and funding agencies. As an example, the 
Simons Foundation selected the University of 
California, Berkeley, as host for an ambitious 
new $60M Simons Institute for The Theory of 
Computing, whereby an interdisciplinary team 
of scientists and engineers will tackle problems 
in fields as diverse as healthcare, astrophysics, 
genetics and economics. Boston University 
received $15M to establish the Rafik B. Hariri 
Institute for Computing and Computational 
Science and Engineering, an interdisciplinary 
research center for discoveries through the use 
of computational and data-driven approaches 
and for advances in the science of computing, 
inspired by disciplinary challenges in the arts, 
sciences, engineering, and management. GE 
decided to open a 400-person, $1B Global 
Software Center in San Ramon, California, near 
Silicon Valley; its focus is on big data analytics. 
Led by the U. S. Office of Science and 
Technology Policy, the Departments of Defense, 
Energy, Health and Human Services (including 
the National Institutes of Health) and other 
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funding agencies (including the National 
Science Foundation) are providing over $1B to 
fund mostly academic research in the core 
technologies associated with big data analytics 


and cloud computing. 


3. Adaptive Services 

As depicted in Figure 1, it is big data 
analytics that is providing the impetus for 
adaptive services, with the common thread being 
the decision informatics and digitization aspects 
of big data analytics. Moreover, the fact that 
most services are now electronically-based or 
digitized is critical as they can be appropriately 
supported by big data analytics. 
E(lectronic)-services are considered in the next 
subsection, followed by a discussion of the 


range of adaptation elements and dimensions. 


3.1 E-Services 

As discussed by Tien & Berg (2003) and 
detailed in Table 8, e-service enterprises interact 
or “co-produce” with their customers in a digital 
(including e-mail and Internet) medium, as 
compared to the physical environment in which 
service 


traditional or _ bricks-and-mortar 


enterprises interact with their customers. 
Similarly, in contrast to traditional services 
which include low-wage “hamburger flippers”, 
e-services typically employ high-wage earners 
and include services that are more demanding in 
their requirements for self-service, transaction 
speed, and computation. 

In regard to data input that could be 
processed to produce information that, in turn, 
could be used to help make informed services 
decisions, it should be noted that both types of 


services rely on multiple data sources; however, 
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Table 8 Traditional and emerging services comparison 


Issue 

Co-Production Medium 

Labor Requirement 

Wage Level 

Self-Service Requirement 
Transaction Speed Requirement 
Computation Requirement 
Data Sources 

Driver 

Data Availability/Accuracy 
Information Availability/Accuracy 
Economic Consideration 
Service Objective 

Service Focus 


Decision Time Frame 


Service Enterprises 


Traditional 
Physical 

High 

Low 

Low 

Low 

Medium 

Multiple Homogeneous 
Data-Driven 

Poor 

Poor 

Economies of Scale 
Standardized 

Mass Production 


Predetermined 


Electronic 

Electronic 

Low 

High 

High 

High 

High 

Multiple Non-Homogeneous 
Information-Driven 
Rich 

Poor 

Economies of Expertise 
Personalized 

Mass Customization 


Real-Time 


traditional services 


homogeneous (mostly quantitative) data input, 


typically require 
while e-services increasingly require 
non-homogeneous (i.e., both quantitative and 
qualitative) data input. Paradoxically, the 
traditional service enterprises have been driven 
by data, although data availability and accuracy 
have been limited (especially before the 
pervasive use of the Universal Product Code — 
UPC — and the deployment of radio frequency 
location and identification — RFLID — tags). 
Likewise, e-service enterprises have been driven 
by information (i.e., processed data), although 
information availability and accuracy have been 
limited, due to an earlier cited data rich, 
information poor (DRIP) conundrum (Tien 
2003). 


Consequently, while traditional services — 
like traditional manufacturing — are based on 
economies of scale and a standardized approach, 
electronic services — like electronic or digitized 
manufacturing -— emphasize economies of 
expertise or knowledge and an _ adaptive 
approach. Another critical distinction between 
traditional and electronic services is that, 
although all services require decisions to be 
made, traditional services are typically based on 
predetermined decision rules, while electronic 
services require real-time, adaptive decision 
making; that is why Tien (2003) has advanced a 
decision informatics paradigm, one that relies on 
both information and decision technologies from 
a real-time perspective. High-speed Internet 


access, low-cost computing, wireless networks, 
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electronic sensors and ever-smarter software are 
the tools for building a global services economy. 
Thus, in e-commerce, a sophisticated and 
integrated service system combines product (i.e., 
service and/or good) selection, order taking, 
fulfillment and 
delivery scheduling into a seamless system, all 


payment processing, order 
handled by distinct service providers; in this 
regard, it can be considered to be a system of — 


different — systems. 


3.2 Adaptation Elements 
Because a service system is, by definition, a 
co-producing system, it must be adaptive (Tien 
2008). 


characteristic, based on a combination of three 


Adaption is a uniquely human 
essential elements — decision making, decision 
informatics, and human interface. Returning to 
Figure 3, it is helpful to underscore the 
difference between data and _ information, 
especially from a decision making perspective. 
Data represent basic transactions captured 
during operations, while information represents 
processed data (e.g., derivations, groupings, 
patterns, etc.). Clearly, except for simple 
operational decisions, decision making at the 
tactical or higher levels requires, at a minimum, 
appropriate information or processed data. 
Figure 3 also identifies knowledge as processed 
information (together with experiences, beliefs, 
values, cultures, etc.), and insights or wisdom as 
processed knowledge (together with assessments, 
theories, etc.). Thus, strategic decisions can be 
made with knowledge, while systemic decisions 
can be made with insight or wisdom. 
Unfortunately, for the most part, the literature 
does not distinguish between data and 


information; indeed, economists claim that 
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because of the astounding growth in information 
— really, data — technology, the U. S. and other 
developed countries are now a part of the global 
“knowledge economy”. Although electronic data 
technology has transformed large-scale 
information systems from being the “glue” that 
holds the various units of an organization 
together to being the strategic asset that provides 
the organization with its competitive advantage, 
the U. S. and other advanced nations are far 
from being in a knowledge economy. In a 
continuum of data, information, knowledge, and 
wisdom, the U. S. — as well as other advanced 
economies — is still in a data rich, information 
poor (DRIP) conundrum, as suggested in 
Section 2. 

The decision informatics paradigm depicted 
in Figure 4 is, as a framework, generic and 
applicable to most, if not all, decision problems. 
Further, since any data analysis or modeling 
effort should only be undertaken for the purpose 
of some kind of a decision (including the design 
of a service or a good), all analyses and 
modeling activities should be able to be viewed 
within the decision informatics framework. 
Thus, the framework can be very appropriately 
applied to critical issues in _ biology, 
manufacturing, transportation, retail, etc. For 
example, in regard to deciding on novel 
candidate pharmaceuticals, molecular data are 
analyzed and information obtained concerning 
hundreds 


molecule; based on various neural network and 


of critical descriptors for each 


genetic algorithm models, the quantitative 
structural activity relationships are determined 
to help screen and decide on those molecules 
which could be candidate drugs due to their 


interesting or improved bioactivities. The entire 
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big data processing activity has been automated 
by pharmaceutical companies, employing a 
systems engineering framework that includes 
returning the non-selected molecules to the 
database for further analysis, screening and 
selection. A related example concerns 
bioinformatics, which to a large extent can be 
considered to be an application of decision 
informatics to biological issues; indeed, if 
genomics, proteomics and glycomics were 
successfully carried out, then the holy grail of 
customized or personalized medicine would be 
within reach. 

Continuing with the decision informatics 
paradigm in Figure 4, it should be noted that 
decision modeling includes the information- 
based modeling and analysis of alternative 
decision scenarios; they include operations 
research, decision science, computer science and 


industrial engineering. At present, decision 


modeling methods suffer from two shortcomings. 


First, most of the available -— especially 
optimization — methods are only applicable in a 
steady state environment, whereas in the 
real-world, systems are almost never at steady 
state; they are in constant transition. (Note that 
steady state, like average, is an analytical 
concept that allows for a tractable, if not 
manageable, analysis.) Second, most of the 
available methods are unable to cope with 
changing circumstances; instead, we need 
methods that are adaptive so that decisions can 
Thus, 


non-steady-state or adaptive decision methods 


be made in_ real-time. more 
are needed. Additionally, real-time decision 
modeling is not just about speeding up the 
models and solution algorithms; it, like real-time 


data fusion and analysis, also requires additional 
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research and development. 

The systems engineering methods alluded to 
in Figure 4 concern the integration of people, 
processes, and products from a systems 
perspective; they include electrical engineering, 
human-machine systems, systems performance 
and systems biology. Again, the real-time nature 
of co-producing services — especially human- 
centered services that are computationally- 
intensive and intelligence-oriented — requires a 
real-time, systems engineering approach. 
Ethnography, a branch of anthropology that can 
help identify a consumer’s unmet needs, is being 
used to spot breakthrough service innovations. 
Another critical aspect of systems engineering is 
system performance; it provides an essential 
framework for assessing the decisions made — in 
terms of such issues as satisfaction, convenience, 
privacy, security, equity, quality, productivity, 
safety and reliability. Similarly, undertaking 


systems engineering within a_ real-time 
environment will require additional thought and 
research. 

A final point about Figure 4: the decision 
informatics approach is needed not only to 
develop new innovations in services (especially 
e-services and/or experiences) but also, if 
appropriate, to be packaged within a software 
algorithm that can serve to automate — and 
thereby enhance the productivity of — the 
developed innovation. Additionally, the adaptive 
nature of decision informatics is very much akin 
to the evidence-based — or, more appropriately, 
risk-based — 


becoming increasingly employed in health care. 


medical protocols that are 
Actually, the paradigm is likewise applicable to 
any design problem, inasmuch as the essence of 


design is about making decisions concerning 
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alternative scenarios or designs. (Not 
surprisingly, innovation is sometimes 


characterized as “design thinking”.) In short, 
decision informatics represents a decision-driven, 
information-based, real-time, | continuously- 
adaptive, customer-centric and computationally- 
intensive approach to intelligent decision 
making by humans and/or software agents. 

In regard to the three levels of decision 
making and their impact on adaptive services, it 
should be noted that strategic decisions are 
usually distinguished from tactical and 
operational decisions by the organizational and 
financial impact of the decisions (i.e., the impact 
of a strategic decision being significantly greater 
than those at the tactical and operational levels); 
by the “clock speed” (i.e., major strategic 
decisions usually do not arise as often as tactical 
and operational decisions and the amount of 
time available for strategic decision making is 
usually greater than that for tactical and 
operational decision making, sometimes 
significantly so); and by the complexity or scope 
of the decisions (i.e., strategic decisions — in 
contrast to tactical and operational decisions — 
must also take into consideration political, legal, 
social and ethical issues). 

At all three levels of decision making, it is 
not only about making the right decisions; it is 
also about making timely and adaptive decisions. 
This is especially true at the operational level, 
where humans must react in seconds and 
software programs must react in milliseconds. 
Thus, 


making is needed for enhancing the production 


real-time, information-based decision 


and delivery of services, especially e-services. 


Appropriate decision making techniques 


developed in systems engineering and 
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operations research can be effectively utilized. 
More specifically, systems engineering focuses 
on all levels of decision making; on unstructured 
and complex problems; on qualitative and 
quantitative data; on soft and hard systems; on 
the integration of technical, institutional, cultural, 
financial and other inputs; on multiple 
conflicting objectives; and, quite appropriately, 
on a system of systems perspective. As one 
progresses from the operational to the strategic 
level of decision making, one tends to employ 
more societal system models and fewer physical 
system models. 

Human interface is another essential element 
of an adaptive service system; it is actually a 
critical tool in systems engineering. Such 
interface could include the interactions between 
and among humans and software agents, 
machines, sub-systems, and systems of systems. 
Human factors constitute a discipline that deals 
with many of these interactions. However, 
another critical interface concerns how humans 
with data and 


developing 


interact information. In 


appropriate human-information 
interfaces, we must pay careful attention to a 
number of factors. First, human-information 
interfaces are actually a part of any decision 
support model; they structure the manner in 
which the model output or information is 
provided to the decision maker. Cognition 
represents the point of interface between the 
human and the information presented. The 
presentation must enhance the cognitive process 
of mental visualization, capable of creating 
images from complex multidimensional data, 
including structured and unstructured text 
documents, measurements, images and video. 


Second, constructing and communicating a 
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mental image common to a team of, say, 


emergency responders could facilitate 
collaboration and could lead to more effective 
decision making at all levels, from operational to 
tactical to strategic. Nevertheless, cognitive 
facilitation is especially necessary in operational 
settings which are under high stress. Third, 
cognitive modeling and decision making must 
combine machine learning technology with a 
priori knowledge in a probabilistic data mining 
framework to develop models of an individual’s 
tasks, goals, and interests. These user-behavior 
models must be designed to adapt to the 
individual decision maker so as to promote 
better understanding of the needs and actions of 
the individual, including adversarial behaviors 


and intents. 


3.3 Adaptation Dimensions 

As detailed in Table 9, adaptation can occur 
over the monitoring, feedback, cybernetic and 
learning dimensions of a service. Monitoring 
adaptation can be defined by the degree of 
sensed actions in regard to data collection (e.g., 
sensors, agents, swarms), data analysis (e.g., 
structuring, 


processing, mining), and 


information abstraction (e.g., derivations, 
groupings, patterns). Data are acquired by 
sensors, which could be in the form of humans, 
robotic networks, aerial images, radio frequency 
signals, and other measures and signatures. In 
regard to tsunamis, for example, seismographs, 
deep ocean detection devices with buoy 
transmitters, and/or tide gauges can all sense a 
potential tsunami. As indicated in Section 2, data 
warehouses are proliferating and big data 
analytics is gaining in popularity. However, as 


also suggested in Section 2, no matter how large 
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a data warehouse and how sophisticated a data 
analytics technique, problems can occur if the 
data do not possess the desirable attributes of 
measurability, availability, consistency, validity, 
reliability, 


robustness 


stability, accuracy, independence, 
Nevertheless, 
through the careful analysis or mining of the 
data, Davenport & Harris (2007) describe how 
high-performing companies are developing their 


and completeness. 


competitive strategies around data-driven 


insights based on_ sophisticated _ statistical 
analysis and predictive modeling. Companies as 
diverse as Capital One, Procter & Gamble, the 
Boston Red Sox, Best Buy and Amazon.com 
have made better decisions by identifying 
profitable customers, accelerating innovation, 
optimizing supply chains and pricing, and 
discovering new measures of performance. 
Moreover, in most situations, data alone are 
useless unless access to and analysis of the data 
are in real-time. 

In developing real-time, adaptive data 
processors, one must consider several critical 
issues. First, as depicted in Figure 4, these data 
processors must be able to combine (i.e., fuse 
and analyze) streaming data from sensors in 
order to generate information that could serve as 
input to operational decision support models 
and/or provide the basis for making informed 
decisions. Second, as also shown in Figure 4, the 
type of data to collect and how to process it 
depend on what decision is to be made; these 
highlight the difficulty of 


effective and adaptive data 


dependencies 
developing 

processors or data miners. Further, once a 
decision is made, it may constrain subsequent 
decisions which, in turn, may change future data 
Third, 


requirements and information needs. 
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Table 9 Adaptive services dimensions 
Dimension _ Definition Characteristics Elements 
ke Depteclor Data Collection Sensors; Agents; Swarms 
Monitoring Sched Acton Data Analysis Structuring; Processing; Mining 
Abstraction Derivations; Groupings; Patterns 
Diesneccor Standardized Pre-Structured; Pre-Planned 
Feedback i Procedural Policies; Standard Operating Procedures 
Expected Actions hee NE ; 
Algorithmic Optimized; Bayesian 
Degree of Deterministic Known States; Deterministic Actions 
Cybernetics Reschve meting Dynamic Known State Distributions; Dynamic Actions 
Adaptive Unknown States; Adaptive Actions 
Degree Cognition Recognition-Based; Behavioral 
Learning of Unstructured Evidence Information-Based; Genetic 
Actions Improvisation Experience-Based; Evolutionary 


inasmuch as the data processors must function in 
real-time and be adaptable to an ongoing stream 
of data, genetic algorithms, which equations can 
mutate repeatedly in an evolutionary manner 
until a solution emerges that best fit the 
observed data, are becoming the tools of choice 
in this area. 

Feedback adaptation can be defined by the 
degree of expected actions based on 
standardized (e.g., pre-structured, pre-planned), 
procedural (e.g., policies, standard operating 
procedures), and algorithmic (e.g., optimized, 
Bayesian) approaches. In general, models 
underpin these approaches. As an example, 
Kaplan et al. (2002) have developed a set of 
complex models to demonstrate that the best 
prevention approach to a smallpox attack would 
be to undertake immediate and widespread 
vaccination. Unfortunately, models, including 
simulations, dealing with multiple systems are 
still relatively immature and must be the focus 
of additional research and development. Such 
system of systems models are quite complex and 
will require a multidisciplinary approach. 
Another set of critical emergency response 
models includes those that can simulate, as 


examples, the impact of an airliner hitting a 


chemical plant, the dispersion of radioactive 
material following the explosion of a dirty bomb, 
and the spread of illness due to a contaminated 
water supply. 

Cybernetics adaptation can be defined by the 
could be 


deterministic (1.e., known states, deterministic 


degree of reactive actions that 


actions), dynamic (i.e., known state distributions, 
dynamic actions), or adaptive (i.e., unknown 
states, adaptive actions). Cybernetics is derived 
from the Greek word “kybernetics”, which 
refers to a steersman or governor. Within a 
system, cybernetics is about feedback (through 
evaluation of performance relative to stated 
objectives) and control (through communication, 
self-regulation, adaptation, optimization, and/or 
management). A system is defined by state 
variables that are known in a deterministic 
manner (resulting in deterministic feedback or 
cybernetic actions); that are known in a 
probabilistic or distributional manner (resulting 
in dynamic feedback or cybernetic actions); or 
that are unknown (resulting in adaptive feedback 
or cybernetic actions). As an example, autopilots 
to deal with 


deterministic and dynamic situations — can, for 


— which are programmed 


the most part, take off, fly and land a plane; yet, 
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usually two human pilots are also on the plane, 
just in case an unknown state occurs and the 
adaptive judgment of a human pilot is required. 
Clearly, a trained human is still the most 
adaptive controller, although machines are 
becoming more “intelligent” through adaptive 
learning algorithms. 

System control is perhaps the most critical 
challenge facing system of systems (SoS) 
difficulty, 
impossibility, of developing a comprehensive 


designers. Due to the if not 
SoS model, either analytically or through 
simulation, SoS control remains an open 
problem and is, of course, uniquely challenging 
within each application domain. Moreover, 
real-time control — which is required in almost 
all application domains — of interdependent 
systems poses an especially difficult problem. 
The cooperative control of a SoS assumes that it 
can be characterized by a set of interconnected 
systems or agents with a common goal. Classical 
techniques of control design, optimization and 
estimation could be used to create parallel 
architectures for, as an example, coordinating 
numerous sensors. However, many issues 
dealing with real-time cooperative control have 
not been addressed, even in non-SoS structures. 
For example, one issue concerns the control of 
an SoS in the presence of communication delays 
to and among the SoS sub-systems. 

Finally, learning adaptation can be defined 
by the degree of unstructured actions based on 
cognition (e.g., recognition-based, behavioral), 
evidence (e.g., information-based, genetic), and 
improvisation (e.g., experience-based, 
evolutionary). Learning adaptation is mostly 
real-time 


about decision making at the 


operational level. In such a situation and as 
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indicated earlier, it is not just about speeding up 


steady-state models and _ their solution 
algorithms; in fact, steady-state models become 
irrelevant in real-time environments. In essence, 
it concerns reasoning under both uncertainty and 
severe time constraints. The development of 
decision 


operational support models must 


recognize several critical issues. First, in 
addition to defining what data to collect and how 
they should be fused and analyzed, decisions 
also drive what kind of models or simulations 
are needed. These operational models are, in 
turn, based on abstracted information and output 
from tactical and strategic decision support 
models. The models must capture changing 
behaviors and conditions and adaptively — 
usually, by employing Bayesian networks — be 
appropriately responsive within the changing 
environment. Second, most adaptive models are 
closely aligned with evolutionary models, also 
known as genetic algorithms; thus, they function 
in a manner similar to biological evolution or 
natural selection. Today, computationally- 
intensive evolutionary algorithms have been 
employed to develop sophisticated, real-time 
pricing schemes in order to minimize traffic 
congestion, to enhance autonomous operations 
in unmanned aircrafts or drones, and to 
determine sniper locations in modern day 
Afghanistan). Third, 


improvisation is another 


warfare (e.g. in 
computational 
operational modeling approach that can be 
employed when one cannot predict and plan for 
every possible contingency. (Indeed, much of 
what happened on 9/11 was improvised, based 
on the ingenuity of the responders.) 
Improvisation involves learning by re-examining 


and re-organizing past knowledge in time to 
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meet the requirements of an unexpected 
situation; it may be conceptualized as a search 
and assembly problem, influenced by such 
factors as time available for planning, prevailing 
risk, and constraints imposed by prior decisions. 

As an example of adaptive services within 
the big data IBM’s 
(Zikopoulos et al. 2012) attempts to find 


answers to queries by sifting through massive 


framework, Hadoop 


data sets quickly and cheaply. In fact, on 
2011, IBM’s 
Watson, with Hadoop at its core, defeated two 


February 16, supercomputer 
of Jeopardy’s greatest players; more recently, 
Citigroup hired Watson to help it decide about 
what new products and services to offer its 
customers. (Hadoop was the name of the toy 
elephant of the son of Douglas Cutting, an 
advocate and creator of open source search 
technology.) Interestingly, in this 100" birthday 
of Alan Turing (Hodges, 2012), the famous code 
breaker and author of the Turing test of 
intelligence (Turing 1950), Watson is still not 
able to pass the Turing Test. In geophysics, 
sophisticated models of large data sets are 
simulating seismic activities in order to better 
understand earthquakes (Barbot et al. 2012, 
Segall 2012). In transportation, multiagent-based 
simulation is better 
understand driver behavior (Hattori et al. 2011). 


Other examples of how to abstract insights and 


being employed to 


improve services using big data analytics are 


reviewed in Lavalle et al. (2011). 


4. Digital Manufacturing 

As depicted in Figure 1, it is big data 
analytics that is also providing the impetus for 
digital manufacturing, with the common thread 


being the decision informatics and digitization 
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aspects of big data analytics. While digital 
technology has impacted most services and 
made them more adaptive (as detailed in Section 
2), digital technology is now poised to change 
the manufacturing industry; the factories of 
tomorrow will not be full of dirty machines 
manned by men and women in dust-covered 
overalls and in unhealthy environments — they 
will instead be operating in a “lights out” mode 
and staffed by white-collar engineers, designers, 
computer programmers, materials experts, and 
marketing specialists. Widespread use of the 
cloud-based Internet by businesses and customers, 
together with increasing customization needs, 
dictate changes in traditional business models 
and strategies for carrying out manufacturing 
and delivering services. In addition to cloud 
computing, novel materials and smart robotics 
of digital 


manufacturing; these are summarized in Table 


constitute the other enablers 
10, which also suggests that all these enablers 
are contributing to the objectives of efficiency 


and effectiveness. 


4.1 Cloud Computing 

As noted earlier, cloud computing offers the 
potential of accessing an unlimited source of 
power that are 


processing and _ storage 


reconfigurable and their costs are on a 
pay-as-you-use basis, much like the availability 
of electric power. As in the transition from the 
mainframe to the client/server environment, the 
eventual transition from client/server to cloud 
computing will be an equally important seismic 
shift; it will provide for cheaper, faster, more 
flexible and more effective computing power to 
both companies and individuals. Indeed, like oil 


or pork bellies, cloud computing is becoming a 
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Table 10 Digital manufacturing enablers 


Objectives 
Enabler Methods — ; 
Efficient Effective 
Software: Unlimited; Algorithmic; Simulation v v 
ploug F Hardware: Unlimited; Scalable v v 
Computing ; 
Cost: Pay-As-You-Use; Cybersecurity Concerns v v 
ate) Creation: Big Data Analytics; Decision Informatics v v 
thas Technologies: Nanotechnology; Smart Sensing v v 
Materials ae : 
Cost: Toxicity; Environmental Impact v v 
Software: Digitized Design; Smart Controls v v 
ont Hardware: Smart Robots; Layered 3D Printing v v 
Robotics v V 


Evolution: Cheaper; More Efficient; More Distributed 


commodity and could eventually be traded in a 
spot market by companies with either an excess 
of or a need for processing power. Nevertheless, 
it is argued that cloud computing can offer 
competitive advantages and new opportunities, 
especially in regard to business agility and 
business competitiveness. Some have said that 
the Internet in the cloud is like the Internet on 
steroids. 

IBM, Microsoft, Amazon, Yahoo and Google 
are not only providing acres of data processors 
but also the application programs that can 
manage real-time data which are dynamic and 
changing, even as it is being processed. In this 
manner, for example, an online music retailer 
could monitor key social-media feeds; if a singer 
suddenly gains in popularity, then special offers 
can be appropriately customized to make the 
most of the spike in popularity. Clearly, cloud 
computing is a critical enabler of mass 
customization or personalization in support of 
social networks, customized publishing and, 
most importantly, the TV-computer industry, 
which is trying to provide instant access to 


everything available on regular television 


channels as well as access to the vast sea of 
content on the Internet. Of course, having the 
big data and the associated software to carry out 
digital manufacturing would allow such 
activities to be carried out anytime, anywhere. 
Nevertheless, in order to become a reliable 
enabler of mass customization, the cloud 
computing industry must still overcome a key 
concern: cybersecurity, which is in fact a global 


concern since every aspect of our lives relies on 


computers and the Internet, including 
communications (email, cellphones), 
entertainment (digital cable, smartphones), 
transportation (auto systems,  autopilots), 
shopping (web commerce, credit cards), 
medicine (sensors, medical records), etc. 
Cybersecurity involves protecting these 


electronic systems from both intended intrusions 
and unintended consequences (e.g., viruses, 
identity thefts, malware, phishing, baiting, 
tailgating, etc.) by preventing, detecting, and 
responding to such intrusions and consequences. 
Homomorphic encryption could be a possible 
solution; if successful, encryption would occur 


locally, analysis and processing would occur in a 
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distant cloud, and decryption would occur 


locally. 


4.2 Novel Materials 

A key question is how does big data 
analytics or decision informatics affect the 
development of novel or smart materials that can 
be _ lighter, 


manufacture and more reliable than existing 


stronger, cheaper, easier to 
materials? The answer is that most such 
materials — especially at the nanometer scale 
where physical experiments are hard to carry out 
— have been identified and analyzed by 
computer simulation and modeling. 
Computational centers have been established to 
investigate novel materials and innovations in 
the fields of aerospace, energy, drug discovery, 
biology, biotechnology, medicine, transportation, 
etc.; they have provided platforms for 
researchers to perform a broad range of 
computational or virtual analyses, from the 
interactions between atoms and molecules up to 
the behavior of an entire device. Several centers 
employ the IBM Blue Gene supercomputer 
which can operate at more than 90 peak 
teraflops (trillion floating point operations per 
second). 
Nanotechnology is about manipulating 
matter on an atomic or molecular scale, or 
between 1 to 100 nanometers in at least one 
dimension. Customized manufactured products 
are made from atoms and their properties 
depend on how those atoms are arranged, 
including genetically engineered viruses, 
bandages that help heal cuts, and frying pans 
that exhibit 


Nanotechnology may be able to create many 


super-teflon qualities. 


new materials and devices with a vast range of 
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customized — and mass_ customized — 


applications, such as in medicine (e.g., 
engineered stem cells, implantable devices, 
customized antibodies), electronics (e.g., 
nanochips, nanosensors), materials (e.g., green 
concrete, smart polymers), food production (e.g., 
nano-modified, 


nano-additives) and energy 


creation (e.g. solar cells, light-trapping 
photovoltaics). In theory, if we can rearrange the 
atoms in coal, we can make diamond; if we can 
rearrange the atoms in sand (and add a few other 
trace elements), we can make computer chips; 
and if we can rearrange the atoms in dirt, water 
and air, we can make different vegetables. More 
importantly, nanoelectronics hold the promise of 
making computer processors more flexible and 
powerful than are possible with conventional 
semiconductor fabrication techniques; nanopore 
sequencing promises to be a new and better way 
to decode DNA; and neuron- or thought- 
controlled robotic legs could clearly help the 
disabled. A number of approaches are currently 
being developed, including new forms of 
nanolithography, as well as the use of carbon 
nanomaterials such as graphene, nanotubes and 
nanowires to make non-silicon based computer 
chips and field effect transistors. In short, 
nanotechnology-based materials can make 
products lighter, stronger, cleaner, less expensive 
and more precise. Indeed, carbon fibre is, for 
example, replacing aluminum and steel in 
products ranging from office chairs to airplanes; 
recycled plastic is being reused; and better 
batteries are being developed with new materials. 
On the other hand, nanotechnology raises many 
of the same issues as any new technology, 
including concerns about toxicity, environmental 


impact, and their potential effects on global 
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economics. These concerns have led to a debate 
among advocacy groups and governments on 
whether special regulation of nanotechnology is 
warranted. 

Smart sensing materials are due mostly to 
(MEMS) 


mechanical 


micro-electromechanical 
which 


elements, sensor material and electronics on a 


systems 
technology, integrates 
common silicon chip through microfabrication 
techniques. Smart sensing is projected to have a 
strong impact on every industry, including home 
appliance (e.g., MEMS pressure sensor, MEMS 
acceleration 


sensor), automobile (e.g., 


pizoelectric tire sensor, alcohol sensor), 
construction (e.g., structural health sensor, smart 
self-mending material), medicine (e.g., personal 
health monitor, electronic skin), and games (e.g., 
3D gestural interface, voice-activated sensor). 
Complementary to smart sensing is, of course, 
smart decision analytics, based on a thoughtful 
analysis of the data obtained from the smart 
sensors. Thus, through smart sensing and smart 
decision analytics, home appliances can 
consume less power and last longer; automobiles 
constructed 


infrastructure can be more reliable and last 


can be driven more safely; 
longer, medical remedies can be evidence-based 
and more appropriately prescribed; and games 
can be played using multiple senses, perhaps 
eventually using all five of the human senses of 
sight, smell, taste, touch, and hearing. 

In response to the ongoing energy crisis, 
smart sensing and smart decision analytics are 
now being applied in the U. S. to electricity 
networks using digital technology. A smart grid 
delivers electricity from suppliers to consumers 
using two-way digital communications to 


control appliances at consumers’ homes; this 


281 


could save energy, reduce costs and increase 
reliability and transparency, assuming that the 
security risks inherent in executing cyber 
technology projects can be avoided. The smart 
grid is envisioned to overlay the existing 
electrical grid with an information and metering 
system that includes smart meters. Such an 
intelligent monitoring system that can keep track 
of all electricity flowing in the system, can also 
turn on selected home appliances or factory 
processes when power is least expensive. It can 
also — through smart decision analytics — 
effectively integrate renewable energy sources 
(1.e., solar, wind) into the utility grid when 
necessary and when appropriate. Smart grids are 
being promoted by many governments as a way 
of addressing energy independence, global 


warming and grid resilience. 


4.3 Smart Robotics 


Before digital manufacturing, a new 
specialty tool would have to be made by 
producing a mold, casting it, machining it, and 
finally assembling the various parts. Today, 
additive manufacturing or 3D printing is 
becoming a reality. Thus, the 3D smart robot 
would build the tool from a 3D digital design by 
depositing an ordered set of 2D layers of resin, 
thermoplastic, ceramic, composite or metal 
powder with a discrete thickness, thus 
eliminating the need for molding, casting, 
machining or assembling. Indeed, the robotic 
printer can run in a “lights out” mode and can 
produce a number of physical items that may be 
too complex, too individualistic or too small for 
a traditional factory to handle. For example, 3D 
prototyping can quickly develop customized 


models for dental parts, hearing aids, knee 
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replacements, and other body parts. Eventually, 
such printers — together with the appropriate 
materials — will be available at a reasonable cost 
and be able to produce anything, anywhere. 

The digital factory of the future will also be 
more flexible and able to handle the production 
of different models on the same assembly line. 
In fact, Volkswagen has a new production 
strategy, whereby the parameters of certain 
components, such as the mounting points of 
engines, are standardized so that different 
engines can be produced by the same smart 
robots. Eventually this approach would allow 
Volkswagen factories in the Americas, China, 
India and Europe to produce locally no matter 
which models each market requires. 

Future factories are also becoming more 
efficient; for example, smart milling robots can 
swap their own tools, cut in several directions, 
bend objects differently, and sense through 
vision, touch or even smell. Indeed, the output 
of smart factories has been increasing while 
their workers have either remained the same or 
decreased. Together with the flexibility of 
factories to produce different items on the same 
assembly line, this increased efficiency and 
flexibility will make it easier for factories to 
relocate back to where the consumers are and 
where they can more readily retool to meet 
changing local tastes. 

In conclusion, the software-driven, smart 
factories will be almost entirely digitized, 
especially for small items that can be created as 
solid pieces. Such factories with 3D printing and 
other smart robots will empower small- and 
medium-sized firms and individual 
entrepreneurs. Launching new and uniquely 


customized products will allow items to be made 
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more economically and in smaller numbers, 
more flexibly and with less labor (ie., 
“Jobs-light”), more easily and with novel 
materials, and more distributed and with cloud 


computing. 


5. Mass Customization 

As depicted in Figure 1, the remarkable 
technologies of big data analytics (including 
data, big data and data analytics), adaptive 
services (including e-services, adaptation 
elements and adaptation dimensions), and digital 
manufacturing (including cloud computing, 
novel materials and smart robotics) provide the 
impetus for mass customization or the Third 
Industrial Revolution. Unlike supply chains for 
mass production, the supply chains for mass 
customization will be much shorter. For example, 
if a certain — even new — tool is needed, then a 
designer need only to design it with the support 
of a cloud-provided CAD/CAM (Computer 
Aided Design / Computer Aided Manufacturing) 
software and then 3D print it. Shoes, suits, 
hearing aids and other personal items can all be 
customized and produced in real-time and in a 
localized manner. Thus, as noted earlier, the 
need for offshoring manufacturing will be 
unnecessary as customized services and/or 
goods can — and should — be co-produced locally; 
indeed, the co-location of consumers and 
producers would allow for the most effective 
and efficient means of co-production. Moreover, 
mass customization will serve to blur the line 
between services and _ goods, _ especially 
manufactured goods. In fact, more goods are 
being sold like an on-demand service; thus, 
software, servers, airplane engines, and other 


high-cost items or “servgoods” are all being 
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made available and rented by the hour. In this 
section, we take a closer look at the value chain, 
at real-time 


management and at mass 


customized servgoods. 


5.1 Value Chain 
We begin with 


“customization”, we mean meeting the needs of 


some definitions. By 
a customer market that is partitioned into an 
appropriate number of segments, each with 
similar needs (e.g., Amazon.com targets their 
marketing of a new book to an entire market 
segment if several members of the segment act 
to acquire the book). By “mass customization”, 
we mean meeting the needs of a segmented 
customer market, with each segment being a 
single individual (e.g., a tailor who laser scans 
an individual’s upper torso and then delivers a 
uniquely fitted jacket). And by “real-time mass 
customization”, we mean meeting the needs of 
an individualized customer market on a 
real-time basis (e.g., a tailor who laser scans an 
individual’s upper torso and then delivers a 
uniquely fitted jacket within a reasonable period, 
while the individual is waiting). 
better 

customization concept, it is helpful to begin with 


In order to understand the 
an understanding of the value chain, which, as 
depicted in Figure 5, can be partitioned into a 
supply chain and a demand chain. The way in 
which these chains are managed, in turn, defines 
the underlying production approach; as examples, 
the make-to-stock, assemble-to-order, and make- 
to-order approaches are also identified in Figure 
5. The value chain consists of five logical 
components: the “supplier” of the raw material, 
the “manufacturer” of the product parts, the 


“assembler” of the product, the “retailer” who 
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stocks and sells the product, and the “customer” 
who purchases the product. The partitioning of 
the value chain into a supply and a demand 
chain depends on the customer order penetration 
point (COPP), sometimes referred to as the 
decoupling point (Naylor et al. 1999) or the 
point at which the customer order is received in 
the value chain (Olhager 2003). Thus, the supply 
chain begins with the supplier and includes all 
downstream components of the value chain, 
down to the COPP, and the demand chain begins 
with the customer and includes all upstream 
components of the value chain, up to the COPP. 
While the COPP partitioning of the value 
chain has been recognized in the literature, its 
management and relationship to various 
production schemas have only been recently 
identified by Tien et al. (2004). In particular, 
Figure 5 suggests that in a make-to-stock (MTS) 
environment (where the COPP is at the retailer), 
the supply — and its chain — is somewhat given 
or fixed, while the demand chain can be 
managed; the supply chain is driven by material 
supply and all the products are finished before 
the customer order is received. The MTS supply 
chain is based on the principles of mass 
production, mass distribution and mass 
marketing; consequently, MTS allows for very 
limited product customization. In an assemble- 
to-order (ATO) environment (where the COPP is 
at the assembler), the demand — and its chain — 
is somewhat given or fixed, while the supply 
chain can be managed; the demand chain is 
driven by the arrival of a customer order, after 
which stocked components are assembled into a 
finished product. The ATO supply chain can thus 
be managed to allow for more customization; as 


examples, in addition to computer assemblers 
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Figure 5 Value, supply and demand chains 


like Dell, Nike offers a service called NikeiD 
that allows customers to choose the color, 
material, cushioning, and other attributes of their 
athletic shoe order and electronics giant Toshiba 
wants to give Web surfers and walk-in 
customers a new service to view digital versions 
of themselves trying on clothes, accessories and 
make-up. We can, of course, expect to see more 
and more applications of this kind in the future; 
they will serve to close the gap between 


manufactured goods and services. Further, as 


illustrated by the dashed components in Figure 5, 
the upstream components of a demand chain 
(1.e., up to the COPP) are sometimes eliminated 
for cost reduction reasons; thus, for an ATO case, 
the “retailer” may be unnecessary in the demand 
chain, and for an MTO case, both the “retailer” 
and the “assembler” may be unnecessary in the 
demand chain. 

We should also be mindful of the key 
purpose for the management of supply and 


demand chains; it is to smooth-out the peaks and 
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valleys commonly seen in many supply and 
demand patterns, respectively. Although Figure 
5 suggests that supply chain management (SCM) 
can be carried out in both the ATO and MTO 
environments and demand chain management 
(DCM) can be carried out in the MTS 
environment, it is helpful to provide some 
background on SCM and DCM. SCM became 
known in the early 1980s when manufacturers 
tried to establish strategic partnerships with their 
immediate suppliers; since then, the concept has 
been gradually extended to include procurement, 
production, transportation, and inventory. It is 
still undergoing an evolutionary process as new 
trends — such as globalization, the Internet, and 
mass customization — continue to affect the 
business environment. SCM methods focus on 
supply chain efficiencies and on minimizing 
“bullwhip” effects by 


inventory, information sharing, and lead-time 


adopting optimal 
reduction initiatives; they serve to improve 
supply chain flexibility in order to better 
respond to the known or forecasted demand 
patterns. SCM asks the question of how 
production, inventory, and distribution decisions 
can be optimized to meet a fixed or forecasted 
demand. For example, if the expected demand is 
in the short-term higher than available capacity, 
then a firm would usually produce in advance by 
increasing workforce levels, employing 
overtime, or outsourcing some of the production. 
The decisions regarding managing the supply 
chain may also be long-term in nature, including 
the addition of new facilities, new equipment, 
etc. 

Demand chain management (DCM) is an 
area of more recent focus; it seeks to influence 


the level, timing, and type of demand. Like 
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SCM, it is not surprising that, given the equally 
inconsistent definitions for demand chain, there 
is no consistent definition for demand chain 
management (DCM), likewise resulting in a 
confusing and overlapping set of definitions. 
DCM methods focus on maximizing revenue 
from the sale of products and minimizing the 
potential loss due to inventory obsolescence; 
they serve to improve demand chain flexibility 
in order to better respond to the known or 
planned supply chain. DCM seeks answers to 
the question of how demand patterns can be 
optimized to match a given amount of supply. 
Traditional mass production systems are 
transforming their manufacturing approaches 
into web-enabled systems that incorporate 
customization capabilities (i.e., the ability to 
meet the needs of a customer market that is 
partitioned into an appropriate number of 
segments, each with similar needs). The changes 
in the business landscape are shifting the focus 
from supply of raw material to customer demand 
as the triggering event for production, thus 
shifting from a supply-driven to a demand- 
driven approach. However, such demand-driven 
supply networks (DDSNs), where demand and 
supply 
management of the supply chain, still remain 


information is integrated in the 
focused on the supply chain. Thus, although 
DDSN puts the customer into the supply chain 
and helps enterprises close the gap between 
supply and demand, it remains a supply chain 
management (SCM) approach where lean, 
six-sigma, just-in-time and/or — kanban 
manufacturing serve to cut waste, reduce lead 
time and increase value. More importantly, 
remains the most 


productivity important 


paradigm; the resultant processes must be both 
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efficient (i.e., meeting customer needs with 
minimum cost) and effective (1.e., producing the 
right products and services at the right time for 
the right customer). While the efficiency aspect 
of this paradigm is primarily focused on supply 
issues and favors mass production, the 
effectiveness aspect is primarily focused on 
demand issues and favors mass customization 
(i.e., the ability to meet the needs of a segmented 
customer market with each segment being a 
single individual). Clearly, if the segment is not 
that of a single individual then the resultant 
customization is not considered massive. 
Moreover, through appropriate management 
methods, businesses try to find a good balance 
between efficiency and effectiveness that would 


maximize their net profit. 


5.2 Real-Time Management 

In this subsection, we review the above listed 
methods and develop a taxonomy that provides a 
clear perspective on the management of supply 
and demand chains. We also point out that the 
simultaneous 


management of supply and 


demand chains is envisioned to be the 
production environment of the future where 
real-time mass customization can take place. 
Further, the 


management of supply and demand chains will 


simultaneous and _ real-time 
allow for real-time mass customization. By 
highlighting this critical area, we hope to 
stimulate more research in this area, where 
products and services become indistinguishable 
Advanced 


economies are undergoing a clear transformation 


and co-produced in_ real-time. 


from a_ products-oriented focus to a 
services-oriented one, from a mass production 


philosophy to a mass customization one, and 
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from a lead time environment to a real-time one. 
While real-time mass customization is the goal, 
there is clearly much to be done before it can 
become a reality. It should also be recognized 
that mass production can be subsumed under 
mass customization; thus, if mass customizing 
one different item at a time can be effectively 
and efficiently achieved, then mass producing 
the same item at all times can be even more 
effectively and efficiently achieved. Indeed, the 
cost of setting up the 3D printing robot is the 
same whether it makes one item or many 
different items; however, by manufacturing the 
same item over and over again, one can achieve 
greater productivity through economies of scale. 

As shown in Table 11, Tien et al. (2004) have 
developed a management taxonomy _ that 
provides an insightful understanding of SCM 
(which can occur when demand is fixed and 
supply is flexible) and DCM (which can occur 
when supply is fixed and demand is flexible). 
The critical area which is highlighted by this 
taxonomy — real-time customized management 
(RTCM) — can only occur when both supply and 
demand are flexible and, as a consequence, be 
simultaneously managed in real time. Note that 
when both supply and demand are fixed (.e., at 
the top left quadrant in Table 11), then we are 
unable to manage either the supply or the 
demand chain, and, according to economic 
theory, we can only fix the price where supply 
and demand are equal. SCM and DCM are 
respectively considered in the remainder of this 
subsection, while RTCM is detailed in next 
subsection on servgoods. Table 11 provides 
several example SCM methods; they include 
inventory control (i.e., controlling the location, 


time, and amount of inventory levels), production 
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Table 11 Management taxonomy 


Suppl 
sata Fixed 
Unable to Manage 
Fixed-Pricing 
Fixed 

Supply Chain Management (SCM) 
Inventory Control 

Flexible Production Scheduling 


Distribution Planning 
Capacity Revenue Management 
Reverse Auctions 


scheduling (ie., scheduling the timing and 
amount of production), distribution planning 
(i.e., planning the location, time, and amount of 

capacity 
employing 


inventory movement), revenue 


management  (i.e., revenue 
management techniques to allocate capacity 
among products and, if appropriate, customers), 
and reverse auctions (i.e., providing price bids 
by sellers for items demanded by customers). 
Several comments should be made regarding 
SCM methods. First, it should be noted that 
most of the SCM methods are implemented in 
combination; indeed, the integration of these 
methods is one of the areas of extensive research 
in the SCM literature. Second, although revenue 
management is usually considered to be a 
demand chain management (DCM) tool (in 
which case, a fixed level of typically perishable 
products is consumed — and thereby revenue is 
enhanced — by managing the demand chain), it 
has also been employed as a capacity allocation 
tool; consequently, we refer to the DCM method 
as product revenue management and the SCM 
tool as capacity revenue management. Third, the 


taxonomy provided in Table 11 is both effective 


Demand 
Flexible 


Demand Chain Management (DCM) 
Product Revenue Management 
Dynamic Pricing 

Expectation Management 

Target Marketing 


Real Time Customized Management (RTCM) 
Customized Bundling 

Customized Revenue Management 
Customized Pricing 

Customized Modularization 

Customized Co-Production Systems 


and insightful; thus, while reverse auction is 
typically considered to be a DCM method, it is 
appropriately identified as an SCM method since 
the supply chain is what is managed, while 
demand is assumed to be given. 

Table 11 also provides several example 
DCM methods; they include product revenue 
(e.g., 
beyond capacity as a hedge against order 


management overbooking or selling 


cancellations; bumping or postponing an 
existing order subject to a possible discount; 
diverting or substituting a customer order 
subject to a possible discount; upgrading or 
allowing for, say, rush orders subject to a 
possible premium; and advance purchasing or 
requiring customers to purchase in advance of 
(e.g., 
discounting or lowering price to stimulate 


consumption), dynamic pricing 


demand; premium pricing or increasing price to 
lower demand; and auctioning or customers 
offering price bids for a limited supply of items), 
target marketing (i.e., marketing products to a 
targeted group of customers who are likely to 
and expectation 


respond positively), 


management (ie, managing customer 
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expectation so that it is closely aligned with 
performance). Again, several comments should 
also be made regarding DCM methods. First, the 
DCM method of product revenue management 
has been applied to such products as seats on a 
flight, seats on a train, and rooms at a hotel — all 
items which expire or are perishable when, 
respectively, the flight takes off, the train leaves 
the station, and night makes way for another day 
at the hotel. Second, due to the fact that price is 
the most natural mechanism for influencing 
demand, it is not surprising that dynamic pricing 
is the most widely used DCM method. Third, 
target marketing is becoming increasingly 
popular as a DCM ttool for such Internet 
businesses as Amazon.com; however, it is not 
yet mass customizing since it is currently 
targeted at groups of customers or market 
segments — of course, when it is targeted on an 
individual basis, then mass customization will 
become a reality. Current methods for target 
marketing aim to identify the similarity between 
a specific customer and a group of customers 
(e.g., people who bought X also bought Y) 
whose attributes are known. These methods 
would be ineffective in a mass customization 
environment due to the fact that size of the 
customer segment reduces to one. Fourth, the 
purpose 
management is to increase customer satisfaction, 


whole of employing expectation 
inasmuch as a customer’s satisfaction with a 
service or good is a function of his/her 
expectation of how well the service might be 
rendered or the goods product may perform (i.e., 
greatly satisfied if it is considerably above 
expectation and greatly dissatisfied if it is 
Thus, 


satisfaction can therefore be enhanced through 


considerably below _ expectation). 
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the effective management of expectation. In 
addition to recognizing this somewhat intuitive 
social phenomenon, Tien & Cahn (1981) applied 
expectation management to _ significantly 
increase citizen satisfaction by having the police 
department tell every non-emergency caller the 
likely response time (1e., with 95 percent 
confidence) rather than the standard, “we’ll be 
right there” response — which, of course, tended 
to raise expectation and thereby decrease 
satisfaction. Expectation management has since 
been employed to optimally locate baggage 
claim areas at airports and to make waiting lines 
bearable at amusement parks, checkout counters 
and banks. Although expectation management 
methods are mostly developed for the services 
industries, they are also recently being used in a 
manufacturing context (e.g. available-to- 
promise practices are used to give the delivery 
date of a product). 

Conceptually and building on Figure 5, Table 
12 provides another way of looking at the degree 
of customization — by focusing on the customer 
order penetration point (COPP) that separates 
the supply part of the value chain (consisting of 
supplier, manufacturer, assembler, retailer and 
customer) from the demand part. More 
specifically, if the COPP occurs at the customer 
level, Tien et al. (2004) assume that the 
customer is at the mercy of a mass produced 
product with no recourse to any modification or 
customization; if the COPP is at the retailer level, 
MTS, then some 
customization is possible (e.g., modification of 
an ill-fitted jacket); if the COPP is at the 


assembler level, referred to as ATO, then a 


referred to as minor 


partial mass customization is possible (e.g., Dell 


offers a menu of items to choose from when 
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Table 12 Comparison of mass customization approaches 


Customer Order Lampel & Minzberg Ross (1996) Pine & Gilmore Tien et al. (2004) 
Penetration Point at: (1996) (1997) 
ae fase Adaptive : 
Customer Pure Standardization Self Customization Renee Mass Production 
Customization 
Reels Customized Post-Product Cosmetic Minor 
Standardization Customization Customization Customization 
: ere High-Variet, T. t i 
Assembler Tailored Customization . 1S" Y8uery (epee acre Partial Mass 
Manufacturing Customization Customization 
Manufacturer Pure Customization Core Customization Collaborative ass sory i 
Customization Customization 
Susphier ae ace oy Real-Time Mass 
ad Customization 


ordering a somewhat customized computer); if 
the COPP is at the manufacturer level, referred 
to as MTO, then mass customization can occur; 
and if the COPP is at the supplier level, then 
real-time mass customization can occur. Of 
course, except for special, one-time orders, 
neither mass customization nor real-time mass 
customization is a reality at this time. Table 12 
also identifies how other researchers (Lampel & 
Mintzberg 1996, Ross 1996, Pine & Gilmore 
1997) categorize the degree of customization; in 
general, similar terms are employed, although 
only Tien et al. (2004) introduce the concept of 


real-time mass customization. 


5.3 Mass Customized Servgoods 

The term “mass customization” is assumed 
to have been coined by Davis (1987); it is about 
the process of matching customer expectations 
and needs with a services and/or goods 
producer’s competences and resources. It is also 
generally agreed that mass customization can be 
regarded as a success if its customized services 
and/or goods can be produced at competitive 
speeds, quality and prices as those that are mass 


produced; there are, of course, trade-offs 


between these measures — Anand et al. (2011), 


for example, consider the quality-speed 
conundrum. Although Kumar (2007) sees mass 
personalization as the ultimate goal of mass 
customization, this paper assumes that the two 
concepts are actually equivalent; the only 
difference being that the former reflects a 
customer-centric perspective, while the latter is 
producer-centric. Similarly, this paper also 
assumes that engineer-to-order (Haug et al. 2009) 
products — including services and/or goods — are 
also within the framework of mass 
customization, as is made-to-order products. 
Thus, we predict — as indicated in italics in Table 
13 — a fourth stage in a nation’s economic 
evolution; that is, as computer, communication 
and decision technologies become better, faster 
and cheaper, the range of services and goods 
will be partially mass customized beginning in 
the early 2000s and mass customized in 
real-time beginning in the mid-2000s. Three 
additional points should be made concerning 
Table 13. First, it is interesting to note that in 
regard to customization and in relation to the 
late 1700s, the U.S. — and other advanced 


economies — is in some respect going “back-to- 
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Table 13 Towards mass customization 


Goods 
U.S. Onset Period 


Services 


Types Customization Level Type Customization Level 
Late 1700s Minimal Customized Minimal Customized 
Late 1800s Few Mass Produced Few Standardized 
Late 1900s Many Partially Customized Many Partially Customized 
Early 2000s Many Partially Mass Customized Many Partially Mass Customized 
Mid 2000s Infinite Real-Time Mass Customized _ Infinite Real-Time Mass Customized 


the-future”; thus, technological breakthroughs 
are not only empowering the individual but are 
also allowing for individualized or customized 
services and goods. For example, e-education 
reflects a return to individual-centered learning 
(Tien 2000), much like home schooling in a 
previous century. Second, when mass 
customization occurs, it is difficult to say 
whether a service or good is being delivered; 
that is, a uniquely fitted shoe can be considered 
to be a co-produced service and good — a 
“servgood” product. Third, the implication of 
real-time mass customization is that the resultant, 
co-produced servgood must be carried out 
locally, although the intelligence underpinning 
the co-production could be residing at a distant 
server or in the cloud and used like a utility. As 
suggested in Table 2, manufacturing jobs have 
already been mostly offshored (with only about 
9.3% of all U.S. jobs in manufacturing) and 
services jobs (which comprise about 83.6% of 
all U.S. jobs) are beginning to be offshored. 
However, real-time mass customization should 
help stem job outflow, if not reverse the trend. 
As a consequence, real-time mass customization 
should be regarded as a matter of national 
priority. 

Returning to Table 11, simultaneous and 


real-time management of supply and demand 
leads 
customized management (RTCM), which, in 


chains to what we call real-time 
tum, constitutes the basis for real-time mass 
customization. It should be noted that, although 
of SCM 


corresponding impact on the demand chain — or 


relevant, the conduct and its 
the conduct of DCM and its corresponding 
impact on the supply chain — is not equivalent to 
RTCM. Indeed, RICM 


collaboration between and the integration and 


requires _ the 


the adaptation of the supply and demand chains, 
as they are being simultaneously managed. 
Several points should be made regarding the 
RTCM. First, it is the quadrant where real-time 
mass customization is supported and where 
services and goods are so complementary and 
overlapping that, as stated earlier, one can 
consider the resultant outcome to be a totally 
new servgood product, one in which the 
resultant product are co-produced. Second, it is 
the quadrant where there are new opportunities 
for reengineering product structures and 
manufacturing technologies, opportunities that 
would be better suited for the co-production of 
highly customized services and/or goods. The 
high degree of personalization would imply that 


each servgood provided to each customer is 
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unique, with the servgood’s life cycle beginning 
with customer order placement and ending with 
order fulfillment. Third, it is the quadrant where 
new analysis, modeling and decision making 
techniques are required to deal with real-time 
mass customization. Indeed, many of the 


existing mathematical programming and 


queuing theory based methodologies for 
managing supply and demand chains would not 
be scalable, and possibly even not relevant in the 
highly dynamic environments of real-time mass 
While — such 


techniques are known to be very useful in 


customization. steady state 
optimizing supply chain performance when 
demand is assumed to be fixed, and vice versa, 
they are of limited use in the presence of flexible 
supply and demand chains which never reach 
steady state, especially as servgood life cycles 
become increasingly shorter. Instead, as speed 
and flexibility become more critical, the time 
available for decision analysis and performance 
evaluation would be reduced and real-time 
decision support systems that are dynamic and 
adaptive, like decision informatics (Tien 2003), 
would become essential. Fourth, it is the 
quadrant where not only are new technologies 
and techniques required but also where new 
servgoods will abound, while traditional services 
and goods will fade away. For example, the 
handful of differently constituted vitamin pills 
that is available on the market today will be 
replaced by almost an infinite number of 
differently 


customized to a person’s genetic make-up, 


constituted vitamin pills, each 


weight, hereditary dispositions, etc. 
The question remains: What methods are 
towards real-time mass 


needed to move 


customization? Interestingly, the management 


taxonomy depicted in Table 11 suggests three 
approaches. First, we could extend the SCM 
methods in the bottom left quadrant to allow for 
flexible demand, thus yielding possible RTCM 
methods that are appropriate for the bottom right 
quadrant. Second, we could similarly extend the 
DCM methods in the upper right quadrant to 
allow for flexible supply, thus yielding possible 
RTCM methods that are appropriate for the 
bottom right quadrant. Third, we could develop 
RTCM _ that address the 


simultaneous management of both the supply 


could explicitly 
and demand chains. 

As identified in Table 11, an example of an 
extended supply chain management (SCM) 
method that would allow for flexible demand is 
customized bundling. Existing SCM methods — 
such as the classical inventory control policies 
and sequencing/scheduling algorithms — are 
highly product specific and to a large extent 
supply 
requirements for the different products are 
independent (Krishnamurthy et al. 2000, 
Simchi-Levi 2003). Very few studies consider 
correlated demand and production requirements, 
substitutable and 


To maintain 


assume that the demand and 


or the impact of 


complementary _ products. 

efficiencies in a mass _ customization 
environment, supply chains must be able to 
identify complementarities among the products 
sold and adopt a bundling approach, very much 
like packaged services and goods found in the 
computer, telecommunications and insurance 
industries. While bundling of products is 
currently prevalent in the computer industry, the 
retailer usually bundles the required software or 
some other computer accessories with the 


computer primarily for the reason of consuming 
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Mass 


necessitate consideration of the impact of 


existing stocks. customization will 


customized bundles prior to investing 
production capacity on manufacturing the 
different products. Consideration of customized 
bundles would then imply new models for 
production planning and_ scheduling. For 
example, one could consider assemble-to-order 
type of supply chains with the capability of 
manufacturing complementary products, and 
employing simulation to analyze how customer 
bundles could be formed to minimize stocks and 
maximize revenues. 

As identified in Table 11, an example of an 
extended demand chain management (DCM) 
method that would allow for flexible supply is, 
like the extended SCM example, customized 
revenue management; in this case, by extending 
the DCM _ method 


management. Current DCM literature employs 


of product revenue 
revenue management techniques in a limited 
sense. Consider the situation of using such 
techniques to manage airline seats on a 
particular flight; it is used to justify bumping a 
customer on to a later flight or to provide 
discounted prices for as yet unsold seats. 
However, product revenue management has not 
yet been used to consider having a highly 
flexible supply of airline seats as an alternative; 
that is, assigning the most appropriately sized 
aircraft to a flight a day or so in advance — and, 
of course, following the application of product 
revenue management techniques -— would 
provide additional flexibility and efficiency in 
the supply chain. Moreover, other supply chain 
efficiencies could result if outsourcing or 
subcontracting could be employed. 


As identified in Table 11, an example of an 
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explicit real-time customized management 
(RTCM) method is customized modularization. 
In order to enhance the flexibility of supply and 
demand chains, existing product structures 
would have to be significantly re-engineered. It 
would no longer be feasible for supply and 
demand chains to support multi-level product 
structures with several components. Instead, 
product structures would have to be highly 
modularized, with very few levels in the 
corresponding bill of materials. The modules 
would have to be highly flexible, possibly 
over-designed so that they could be used as 
components in a wide variety of products. Some 
trends in this direction are being observed in the 
computer and automobile industries with the 
push towards delayed product differentiation. 
However, these differentiation strategies are 
only geared towards improving the efficiency of 
supporting a pre-determined range of product 
offerings. As products become increasingly 
individualized, it would become increasingly 
challenging to create product modules that can 
be customized. In this case it would be more 
important to keep basic modules in inventory 
from which the end products can be assembled 
in a reasonable amount of time. For instance, 
several garment manufacturers currently delay 
the dyeing process in their garment 
manufacturing process in order to be able to 
satisfy the specific color preferences of their 
customers. 

Finally, as indicated in Table 14, mass 
production of a goods product, a_ services 
product or a servgood product can be carried out 
while mass 


in a _ pre-produced manner, 


customization requires a co-production 


environment. Although flexible manufacturing 
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Table 14 Mass production versus mass customization 
Category Mass Production Mass Customization 
(Product) (Requiring Lead Time) (Occurring in Real-Time) 
Manufacturing -Pre-Produced, Make-To-Stock Goods Co-Produced: Assemble-To-Order Goods 
(Good) (e.g., autos, clothing) (e.g., restaurant meals, laptops) 
Service Hre-Eroduced Porat on Leading Co-Produced: Customized Service (e.g., 
: Co-Produced Self-Service (e.g., Google, : 
(Service) social networks, tax returns) 
Yahoo) 
Couibined Pre-Produced Goods Leading to Co-Produced: Make-To-Order 
. © Co-Produced Self-Service (e.g., soda Services/Goods (e.g., customized shoes, 
(Servgood) : a : . Bix 
dispensers, airline reservations) personalized medicine) 
(including 3D printing) has been primarily Services, Digital Manufacturing, Mass 
identified with physical goods products, we Customization and other white collar 


must emphasize that it can also be applied to the 
manufacturing or development of services 
products; namely, services processes. Thus, 
instant advertising banners, fast click-throughs, 
bidding, 


reconfigurations, 


real-time dynamic pricing, agile 


social networking or 
micro-blogging (e.g., Twitter, Facebook) are all 
services products that can lead to mass 


customized collaboration, integration and 
adaptation. While these example services are, 
for the most part, reflective of just-in-time 
processes, there are several recent examples (i.e., 
2001 9-11, 2008 recession, 2010 BP oil spill, 
2011 tsunami-wrecked nuclear power plant) or 
black swan events (Taleb 2010) that caution us 


to maintain some just-in-case inventories. 


6. Concluding Remarks 

The Third Industrial Revolution (TIR) has 
clear implications on society’s approach to 
education, commerce and governance, given its 
potential benefits and concerns. In regard to 
benefits, TIR a) is about the integration of 
services and goods into “servgoods”; b) is about 
the integration of demand and supply chains; c) 
requires more Big Data Analytics, Adaptive 


professionals; d) minimizes the need for 
outsourcing and offshoring; and e) can subsume 
Mass Production within its broader Mass 
Customization framework. In regard to concerns, 
TIR could further a) render the uneducated or 
undereducated men and women jobless; b) 
aggravate 


cybersecurity, privacy and 


confidentiality problems; c) aggravate the 
economic and social divide between the rich and 
poor within a country; and d) aggravate the 
economic and social divide between the have 
and the have-not countries. As in the case of big 
data, the potential TIR concerns or problems can 
be mitigated with thoughtful and effective 
approaches and practices, especially given the 


extensive lead time before TIR becomes 


pervasive. 
Although this paper is focused on 
transforming mass production to mass 


customization, it is not advocating for a total 
transformation. Indeed, we believe that there 
will always be a need for mass produced 
products (e.g., power plants, buses, planes, etc.); 
moreover, inasmuch as mass production can be 
regarded as being doable within a mass 


customization framework (while the reverse is 
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not true), the transformation to mass 
customization provides the needed flexibility 
and the underpinning for customized products 
that combine services and/or goods. Additionally, 
(2007), 


Internet-based mass customization may result in 


as cautioned by Matzler et al. 


consumer confusion because of the myriad of 
choices required of the consumer. Nevertheless, 
advanced economies are undergoing a clear 
transformation from a products-oriented focus to 
a services-oriented one, from a mass production 
philosophy to a mass customization one, and 
from a lead-time environment to a real-time one. 
While real-time mass customization is the goal, 
there is clearly much to be done before it can 
become a total reality. Indeed, there remains a 
need for more technological breakthroughs in 
say, nanofabrication and 3D printing before 
mass customization can become an everyday 
event, including, for example, shoe leather that 
can be cut, dyed and sewn in real-time. 

Finally, for the U. S. the advantages of 
real-time mass customization cannot be 
overstated as products and services become 
indistinguishable and are co-produced in 


real-time, resulting in an overwhelming 
economic advantage. More specifically, it will 
reflect a total integration of the supply and 
demand chains in real-time; it will signify a high 
point in information, communication and 
decision technologies; and it will stem, if not 
reverse, the outsourcing and offshoring of 
services and manufacturing jobs from the U.S. 


to lower cost facilities in Asia. 
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